Most of the early work involving the use of electricity to destroy microorganisms was done in attempts to pasteurize milk or other liquids by passing an alternating current through the liquid (3, 4, 7, 14) . The bactericidal action produced by these treatments was attributed, for the most part, to heat produced by the flow of current through the liquid. The electric current itself was also considered by some to contribute to bacterial death (4) . Sandorf (15) (5) found that the microbial population of sewage could be reduced by as much as 90% with 40 discharges. When coliform organisms were suspended in water and subjected to submerged highvoltage discharges, 40 discharges reduced the number of viable cells from 3.6 X 107 to 2.0 x 104 per ml. These results indicated the possibility of using a submerged high-voltage spark in water purification.
The submerged high-voltage discharges result in the formation of tremendously high transient pressure pulses which create shock waves (5, 6 ).
The pressures have been estimated at levels of 2,500 to 5,000 atm for discharges at 25 kv (11 The pressure pulses are measurable only in micro seconds. The application of pressure pulses to microbial suspensions has been reported to result in loss of viability of the organisms being treated (10) .
MATERIALS AND METHODS
Test organisms. The organisms employed in this study were Escherichia coli 451B, Streptococcus faecalis, Bacillus subtilis A (vegetative cells and spores), Micrococcus radiodurans, and a bacteriophage specific for S. cremoris ML1. All cultures were maintained on Trypticase Soy Agar (TSA) slants or in Trypticase Soy Broth (TSB; BBL).
Cell crops of E. coli 451B and of S. faecalis were prepared by growing the cultures in sterile TSB with the use of a 1% inoculum and an 18-to 20-hr incubation at 35 C. M. radiodurans cells were prepared by growing the culture in TGYM (tryptone, glucose, yeast extract, methionine) broth (9) for 24 hr at 37 C on a shaking incubator. The cells were centrifuged from the broth at 4,100 X g for 20 min at 2 C and were resuspended in 1 liter of sterile distilled water for treatment.
B. subtilis cell crops were prepared for treatment by spreading 1 ml of a fresh TSB culture on each of five sterile plastic petri dishes (150 X 25 mm) containing milk-agar (1.5% agar plus 5% nonfat milk solids). After 16 The design of the electrode system through which the high voltage was discharged is shown in Fig. 1 . The outer shell of the electrodes was composed of an aluminum alloy, and the composition of the center rod or core was copper alloy (ever dure), aluminum alloy, iron, or stainless steel. The insulation material which separated the two metal components of the electrode was epoxy-glass laminated tubing held in place by an epoxy-adhesive. The tip of the electrode was flat, with the center core protruding slightly (approximately 3 mm) beyond the epoxy-glass. The spark gap distance was determined by the thickness of the epoxy-glass insulation. The electrode tips were trimmed down on a metal lathe after each experiment, since a certain amount of erosion occurred as a result of the highvoltage discharges. The spark gap sizes varied from 0.0625 to 0.25 inch (0.16 to 0.64 cm) for this study. The voltage being used was a guide in determining which gap size to use. The high voltage was fed in through the center core of the electrode while the outer shell served as the ground. The electrohydraulic tank ( Fig. 2 ) in which the high-voltage discharges occurred was constructed of stainless steel. The electrode was screwed into the tank to a depth of 2.5 inches (6.4 cm) and secured by two lock nuts. The microbial suspensions (1-liter volume) to be treated were introduced into the tank through one of the two plugs in the tank lid. Samples were also removed through one of these holes.
The time required for the high-voltage pulse to cause enough ionization at the electrode gap to allow for dissipation of the high voltage was measured by use of a Tektronic Type 545B Oscilloscope, equipped with Type K-Plug-in Unit and a P6015 High Voltage Probe. The probe was connected to the electrical system at the site of the ignitron. From oscilloscope patterns, obtained by means of a Tektronic Polaroid oscilloscope camera, the gap ionization times were determined. The vertical rise of the oscilloscope signal was due to the voltage rise, and the horizontal distance traveled at that voltage level represented the gap ionization time. When the discharge occurred, the voltage dropped.
Preparation of the tank for treatment. The stainlesssteel tank and the desired electrode were thoroughly washed and rinsed with distilled water before assembly for each experiment. In most cases, the tank received no further sanitation treatment since the microbial populations used were so high.
Electrical resistance and temperature of test solutions. The electrical resistance of the liquids to be treated was measured by use of a conductivity cell (cell constant at 25 C, Kc = 0.908) and a Leeds and Northrup Portable Electrolytic Resistance Indicator. The specific resistance (r) was determined by the formula: r = RIK, where r = specific resistance at temperature t, R = measured resistance at temperature t, and Kc = the conductivity cell constant (0.908 at 25 C). Enumeration of surviving organisms. Samples were taken aseptically from the tank and kept in an icewater bath until examined. Platings were made within 20 min after treatment, and the procedures used were those described in Standard Methods for the Examination ofDairy Products (2) with the exception of media used and incubation temperatures.
E. coli strain 451B samples were plated with the use of TSA as the complete medium and minimal saltsagar, containing (NH4)2SO4 as the only nitrogen source, to determine the amount of metabolic injury. The minimal agar was of the same composition as that described by Straka and Stokes (17) . The TSA and minimal agar plates were incubated for 48 hr at 35 C, after which all colonies were counted. The counts obtained on TSA were considered as the total number of survivors, and the counts obtained on the minimal agar were the number of uninjured survivors; the difference in the two counts for each sample represented the number of metabolically injured cells.
M. radiodurans samples were plated on TGYM agar (9) and were incubated at 37 C for 96 hr.
B. subtilis strain A spores were enumerated by the pour plate method, with the use of fortified nutrient agar (FNA) as described by Edwards et al. (6) ,uf capacitance (2,700 joules) was much greater than at 8 kv with 6 4f capacitance (192 joules), the amount of bacterial death observed after the application of 4,500 joules was much greater with the latter combination. In general, it appeared that the most efficient production of bactericidal action by electrohydraulic shock treatment occurred at the lower voltage levels for each level of capacitance. The combination of 8 kv and 6 4Af capacitance was the most efficient.
In one series of experiments, the treated and untreated samples of E. coli 451B were plated by use of both TSA and minimal salts-agar. From the counts obtained with these two media, the percentage of the survivors which were injured was determined. Aluminum-core electrodes having a 0.125-inch gap were used in the application of the electrohydraulic treatment at a voltage level of 10 kv and a capacitance level of 6 or 24 4uf. An example of the results obtained is presented in Table 1 . Although metabolic injury decreased from 51 to 25% as the number of discharges increased, the amount of death increased. Residual toxicity. When E. coli 451B cells were added to electrohydraulic-treated water containing 3 X 10-4 M phosphate buffer (pH 7.2), a portion of the cells were killed. The residual toxicity in treated water, however, did not produce as much bacterial death as was obtained by direct electrohydraulic treatment of bacterial suspensions. Table 2 shows the results from three such experiments in which copper-, iron-, and aluminum-core electrodes (0.125-inch gap) were used. As is evident from these data, the experiment that involved the copper core electrode was the only one in which any residual toxicity was noted. The tate) were found to be the most toxic forms of copper tested. Thus, the residual toxicity of the electrohydraulic-treated water, when copper core electrodes were used, was caused by the copper ions shed into the buffer.
Comparison of copper-, iron-, and aluminumcore electrodes. Experiments were conducted in which aqueous suspensions of E. coli 451B (1.1 X 108 to 1.5 X 108 per ml) were treated by electrohydraulic shock with the use of 0.125-inch gap copper-, iron-, and aluminum-core electrodes. In all of these experiments, the discharge voltage was 10 kv and the capacitance was 24 jhf. Although the rate and amount of kill obtained with the aluminum-core electrode was greater than that obtained with the iron-core electrode, both produced an appreciable amount of bactericidal action (Fig. 7) . Greater than 99% kill was obtained with all three types of electrodes after 10 discharges.
Effect The killing action of such treatments has, for the most part, been attributed to the heat produced by the current flow. All organisms tested in the present study were inactivated by electrohydraulic treatment, although some were less susceptible than others. Bacterial spores and M. radiodurans exhibited the greatest resistance to electrohydraulic shock. The bacteriophage, which are often more resistant to heat and chemical bactericides, were found to be much more susceptible to inactivation by electrohydraulic shock than were the bacteria.
Water which had been exposed to submerged high-voltage discharges was reported by Brandt et al. (5) to retain a certain amount of residual bactericidal activity. The findings in the present study showed that the residual bactericidal action of water treated with electrohydraulic shock resulted from ionic copper released from the coppercore electrodes during the high-voltage discharges. Martin (11) reported that copper atoms in all states of ionization and excitation could be released from the electrodes used for submerged high-voltage discharges, and the present study confirms this observation. No residual bactericidal action was noted in water treated with either iron-or aluminum-core electrodes.
Brandt et al. (5) noted that the bactericidal action increased when they increased the amount of electrical energy per discharge. Although our study is in agreement with this, the manner in which the energy was applied (the combination of voltage and capacitance) had an effect on the amount of bactericidal action obtained. The energy was utilized more efficiently when applied at a low voltage (8 kv as opposed to 15 kv) and a low capacitance (6 ,uf as opposed to 24 ,f). This was probably the result of more ionization at the electrode tip with the lower voltage and capacitance. The presence of organic matter in the bacterial suspension during treatment with submerged high-voltage discharges lessened the bactericidal activity, as was also found by Brandt et al. (5) . This indicates a nonspecific action by the electrohydraulic treatment, and may limit the applicability of electrohydraulic shock in the destruction of bacteria in many menstrua. The metabolic injury of E. coli 451B after electrohydraulic treatment indicated that the bactericidal nature of the treatment proceeded in a manner similar to that caused by freezing (12) , heating (13) , and ultraviolet light (8) . There were no indications of death caused by mechanical disruption of cellular integrity.
